Magnetotransport properties have been used to investigate vortex phases in Nb films with periodic arrays of magnetic pinning centers. This kind of samples show a continuous glass transition similar to that observed in Nb plain films, but the periodic pinning yields different critical exponents and enhanced glass transition temperature at the matching field. DOI: 10.1103/PhysRevB.72.174512 PACS number͑s͒: 74.78.Ϫw, 74.25.Dw, 74.25.Qt Phase transitions in vortex matter is one of the most interesting research topics, as shown by the flood of papers published during recent years. The phenomenology of vortex phases is especially rich in the case of high critical temperature superconductors ͑HTCS͒, 1 because of the larger anisotropy and thermal fluctuations. Nevertheless, different vortex phases have also been observed in low critical temperature superconductors ͑LTCS͒, including vortex liquid and different vortex solid phases ͑as the vortex-glass 2-4 or the novel Bragg-glass 5,6 ͒. Disorder plays a crucial role in determining which of those phases is stabilized. While materials with weak or no disorder exhibit an Abrikosov vortex-lattice with long-range topological order, random pinning or thermal fluctuations stabilize a Bragg-glass phase with quasi-longrange topological order. 5 The statics of vortex-lattices has been extensively investigated and it is known that a Braggglass undergoes a transition into a disordered vortex-glass 2 or a pinned liquid upon increase of disorder or field, 5 while a different Bose-glass 7,8 may develop in the presence of columnar defects. In Nb single crystals, small angle neutron data have indicated Bragg-glass melting ͑disordering͒.
Magnetotransport properties have been used to investigate vortex phases in Nb films with periodic arrays of magnetic pinning centers. This kind of samples show a continuous glass transition similar to that observed in Nb plain films, but the periodic pinning yields different critical exponents and enhanced glass transition temperature at the matching field. Phase transitions in vortex matter is one of the most interesting research topics, as shown by the flood of papers published during recent years. The phenomenology of vortex phases is especially rich in the case of high critical temperature superconductors ͑HTCS͒, 1 because of the larger anisotropy and thermal fluctuations. Nevertheless, different vortex phases have also been observed in low critical temperature superconductors ͑LTCS͒, including vortex liquid and different vortex solid phases ͑as the vortex-glass [2] [3] [4] or the novel Bragg-glass 5, 6 ͒. Disorder plays a crucial role in determining which of those phases is stabilized. While materials with weak or no disorder exhibit an Abrikosov vortex-lattice with long-range topological order, random pinning or thermal fluctuations stabilize a Bragg-glass phase with quasi-longrange topological order. 5 The statics of vortex-lattices has been extensively investigated and it is known that a Braggglass undergoes a transition into a disordered vortex-glass 2 or a pinned liquid upon increase of disorder or field, 5 while a different Bose-glass 7, 8 may develop in the presence of columnar defects. In Nb single crystals, small angle neutron data have indicated Bragg-glass melting ͑disordering͒. 6 In Nb thin films, on the other hand, the logarithmic time decay of the remanent magnetization below the irreversibility line suggested a melting transition of the vortex-lattice, 9 while the negative curvature at low currents of E-J isotherms 10 or their scaling behavior 4 have been discussed to point to the existence of a glass transition. Furthermore aging and memory effects, characteristic of glassy dynamics, have been recently reported by Sun et al. in Nb films covered by a disordered array of magnetic nanoparticles. 11 Despite the static properties of the vortex-lattice being largely investigated an open question is how moving lattices ͑for example under the action of a driving current͒ will behave, and how the glassy properties of the static system will be affected by lattice motion. It has been argued that at large vortex velocities disorder would produce little effect since the pinning force on a single vortex varies rapidly. 12 On the other hand Giamarchi et al. 13 favor the picture of a moving glass, i.e., glassy properties remain in moving lattices.
Most of the experimental studies so far have considered the effect of random disorder. Nanolithography techniques allow fabricating ordered arrays of pinning centers, 14 so that the interaction of vortices with an in-plane periodic distribution of defects can be studied. Such interaction yields dramatic effects, such as guided vortex motion 15 or the ratchet effect. 16 These effects are related to vortex pinning enhancement due to the matching of the vortex density to the density of pinning sites. 17 It has been shown experimentally that such commensurability effects depend strongly on the vortices velocity, suggesting that the interaction between vortices and pinning centers could be dynamically tuned and yield different degrees of topological order of the vortex-lattice. 18 Also numerical simulations for samples with periodic pinning showed that transitions between different ordering states of the vortex-lattice can be dynamically triggered. 19 Besides, simulations suggested that in the static situation melting of the vortex-lattice occurs at a higher temperature than in pin free systems. 19 In this paper we address experimentally which are the vortex phases in Nb samples with periodic pinning, and how they are affected by the relative intensity of random ͑native͒ to periodic pinning. To this end we have used a scaling approach of dc I-V characteristics that allows their collapse in terms of several critical exponents. We applied such analysis to a Nb film on top of a periodic array of magnetic dots, and compared with the results for a Nb plain film. The scaling of the I-V characteristics found for both types of samples, together with some additional criteria, 20 indicate the existence of a second-order continuous phase transition separating a glass phase with long-range superconducting phase coherence ͑zero-resistance͒ from a dissipative vortex-liquid. Such scaling behavior is compatible either with the existence of a vortex-glass 2 or a different Bose-glass. 7 As we show later, we cannot distinguish between the former or the latter from scaling arguments. In any case, the existence of a glass state suggests that long-range topological order is frustrated, despite the presence of periodic pinning and commensurability effects, because of the interplay with the coexisting strong random pinning ͑native͒. Periodic pinning yields two effects on the glass transition. On one hand, the critical exponents are different than in the plain film. On the other hand, the glass transition is moved up at the matching field, i.e., the glass transition temperature is higher at the matching field than at the lower but out-of-matching field. We will explain within this frame work the dependence of commensurability effects on vortex velocity and relate it to the dynamic properties of the glass phase.
Samples were prepared using a combination of e-beam lithography and sputtering techniques. Details on sample fabrication can be found elsewhere.
14 Sample A was a 100 nm thick Nb plain film, and sample B was a 100 nm thick Nb film on top of a square array of magnetic Ni dots. The array lattice spacing was a = 500 nm, the Ni dots height was 40 nm and their diameter was = 200 nm. Samples were lithographed with a standard four-probe configuration measuring bridge 40 m long and 40 m wide. Magnetotransport measurements were carried out in a liquid He cryostat that allowed controlling temperature with stability of 1 mK. The magnetic field H was always applied perpendicular to the film plane. The critical temperatures T c are listed in Table I .
In Fig. 1͑a͒ it is shown the dc magnetoresistance as a function of the applied field H of sample B. The curve shows periodic minima at fields H = nH m , where n is an integer and H m = 82 Oe. This matching field is in good agreement with the one expected 17 for this array H m = 0 / a 2 = 82.9 Oe, with 0 = 2.07· 10 −15 Wb and a = 500 nm. Figure 1͑b͒ shows dc I-V characteristics at temperatures t A = 0.997T c ͑triangles͒ and t B = 0.989T c ͑circles͒, for two different applied magnetic fields H out =60 Oe ͑black symbols͒ and H m =82 Oe ͑white symbols͒, out and at the first matching field respectively. Characteristics measured at higher temperature ͑t A ͒ show ohmic resistance at low current levels. This linear response holds up to a given current level I nl , above which the curves deviate from linearity and show positive curvature ͑increas-ing slope͒. Characteristics at lower temperature ͑t B ͒, on the other hand display a completely different behavior. They are nonlinear in the whole experimental window and display negative curvature, showing zero resistance in the low current limit lim I→0 V / I = 0. The effect of commensurability can be clearly seen for both temperatures: in the two cases characteristics for the matching field H m shifts to higher currents with respect to those at H out , i.e., for all current levels the resistance is lower for H m than for H out .
The pinning force enhancement at the matching field can be obtained from I-V curves. 18 We calculated the vortexlattice velocity v and the Lorentz force on the vortex-lattice, F L . Using the expression for the electric field E ជ = B ជ ϫ v ជ ͑where B ជ is the applied magnetic field and v ជ the vortexlattice velocity͒, we obtained v = V / ͑dB͒ ͑where V is the voltage and d the distance between contacts͒. For the Lorentz force we used F ជ L = J ជ ϫ n ជ 0 ͑where J is the injected current density and n ជ a unitary vector parallel to the applied magnetic field͒. Thus, we calculated F L m ͑v͒ and F L out ͑v͒ from the corresponding I-V characteristics. The difference gives the pinning force enhancement at the matching field as a function of the vortex-lattice velocity
We applied this analysis to those characteristics shown in Fig. 1͑b͒ . Different behavior is found for the two temperatures t A and t B as shown in the inset of Fig. 1͑b͒ . For the lower temperature ͑t B ͒ the pinning force enhancement ⌬F L ͑v͒ peaks at intermediate vortex-lattice velocities around v ϳ 100 m / s. This is in agreement with the results reported earlier for other array geometries and sizes. 18 For the higher temperature ͑t A ͒, on the contrary, ⌬F L ͑v͒ increases monotonically as the vortex-lattice velocity increases. Besides, the pinning enhancement for this temperature is comparatively smaller, and only at high vortex-lattice velocities its value is comparable to that observed for lower temperatures. We show below that the different dynamical evolution of the pinning force enhancement for the two temperatures t A and t B is related to the different vortex phases being stabilized.
We measured several sets of isothermal dc I-V characteristics for samples A and B, at several applied magnetic fields. For each sample and field, the corresponding set contained ϳ20 I-V characteristics. Data of sample A, the Nb plain film, are published elsewhere. 4 Some of the data of sample B are collected in Fig. 2͑a͒ and in Fig. 3͑a͒ . We applied to those I-V characteristics the scaling analysis proposed by Fisher et al. 2 in the theory of the vortex-glass transition. In the vicinity of this continuous transition, i.e., in the critical region close to the glass transition temperature T g , the relevant physical magnitudes scale with the vortex-glass correlation length VG and a relaxation time · VG and diverge as temperature approaches T g , as VG ϰ ͑T − T g ͒ − and ϰ ͑T − T g ͒ −z , where z and are the dynamic and the static critical exponents respectively. Following the theory, I-V characteristics should scale down with the ansatz
where E is the electric field, J the current density, D is the dimensionality of the glass transition ͑D = 3 for a threedimensional superconductor͒, ± is a universal scaling function above ͑ + ͒ or below ͑ − ͒T g , and k B the Boltzmann con- stant. The scaling was successful for any set of I-V characteristics measured for samples A and B. As an example of the obtained results, collapses of the isotherms shown in Fig. 2͑a͒ and Fig. 3͑a͒ are displayed in Fig. 2͑c͒ and Fig. 3͑c͒ respectively. The resistivity is = E / J. E and J were calculated from V and I using the measuring bridge dimensions and samples thickness. Only data within the experimental window V Շ 5·10 −4 V were used since, above this cut-off voltage, the currents injected were too high and drove the system towards free flux flow, where the scaling analysis is no longer valid. 20 The dimensionality was always D = 3. Attempts to use D = 2 did not allow collapsing any set of characteristics. The parameters T g , z, and are listed on Table I for several fields and also for sample A ͑taken from Ref. 4͒ . The experimental values of the critical exponents are in the range z Ϸ 4−6 and Ϸ 1 − 2 predicted by the theory.
The scaling relation proposed in the Bose-glass theory 7 resembles formally that of the vortex-glass ͑Eq. ͑2͒͒, although the theories themselves differ in a number of important ways. In the Bose-glass theory there are two different diverging characteristics lengths, the localization length l Ќ ϰ ͑T − T g ͒ −Ј and the correlation length along the vortex line l ʈ ϰ l Ќ 2 , and a different relaxation time ϰ l Ќ zЈ . However, if the scaling of the isotherms is achieved through ͑Eq. ͑2͒͒ with D = 3 and vortex-glass critical exponents z and , then automatically the scaling is also obtained for the Bose-glass model but with exponents zЈ =1/2͑3z +1͒ and Ј = 2 3 . 21 I.e., vortex-glass and Bose-glass cannot be distinguished from scaling arguments. For the sample with periodic pinning, the Bose-glass picture might be more likely than the vortex-glass one. It has been experimentally shown 17, 22 for this kind of sample that in the temperature and field ranges relevant to our experiments, magnetotransport properties depend only on the component of the magnetic field perpendicular to the film plane, because the penetration length is comparable to sample thickness. 22 I.e. at a given temperature, the resistance in a field H applied at any angle with respect to the film plane is the same than the resistance in a field HЈ = H sin͑͒ applied perpendicular to the film plane. 22 This favors a picture in which the magnetic dots act as extended defects, promoting flux-line localization along the direction perpendicular to the film plane and inhibiting vortex wandering.
We want to note at this point that the above scaling analysis has been subject of controversy recently. It was shown that, for a given set of I-V curves, different combinations of the values of T g and the critical exponents z , provide collapses of similar quality, essentially depending on the voltage sensitivity floor, 20 thus questioning the use of the scaling of I-V characteristic as a direct evidence of a zeroresistance glass phase. In Ref. 20 it was argued that, in order to ensure the existence of a truly superconducting state with the above analysis and unambiguously determine T g , the experimental data must fulfill the following criterion: in the low-current limit, isotherms at the same reduced temperature ͉͑T − T g ͒ / T g ͉ above and below T g must have opposite curvature at the same current level. We have used this criterion to confirm the values of T g obtained from the scaling procedure for each set of I-V characteristics. This was checked using the derivatives d͓log ͑V͔͒ /d͓log ͑I͔͒. Some examples of them are shown in Fig. 2͑b͒ and 3͑b͒ . Isotherms measured at T Ͼ T g ͑black circles͒ and at T Ͻ T g ͑white circles͒ have opposite curvatures in the low-current limit, since derivatives go downward ͑decreasing slope͒ and upward ͑increasing slope͒ respectively as current is decreased. In particular, for the isotherms of Fig. 2͑a͒ the scaling analysis yielded T g = 8.139 K. As can be seen in Fig. 2͑b͒ in the low-current limit the isotherms just above T g ͑T = 8.142 K͒ and just below ͑T = 8.132 K͒ have opposite curvatures at equal current levels. The same can be checked for isotherms in Figs. 3͑a͒ and 3͑b͒, for which T g = 8.129 K.
We have also used those derivatives to check the values of the critical exponents obtained from the scaling procedure. The critical isotherm ͑the one at T = T g ͒ must fulfill 2 E ϰ J ␣+1 , where ␣ = ͑z +2−D͒ / ͑D −1͒. Therefore, for such an isotherm d͓log ͑V͔͒ /d͓log ͑I͔͒ = ␣ + 1. The exact critical isotherm was not measured but, using the derivatives of the isotherms just above and below T g , we estimated the upper and lower limits of ␣ + 1. In particular, from The values of the critical exponents ͑see Table I͒ and their field dependence are different for the plain films ͑sample A͒ and for the nanostructured ͑sample B͒. The critical exponents for sample A do not depend on the applied magnetic field. For sample B, on the contrary, different critical exponents are obtained below and above the first matching field. While ϳ 1 always, z ϳ 5.8 below and at the first matching field ͑H=60 Oe and H=82 Oe͒ and z ϳ 4.2 in the second matching field H = 164 Oe. This change may be related to the appearance of interstitial vortices above the first matching field. In any case, the critical exponents for sample B are different to those for Nb plain film, showing that the presence of the periodic pinning is affecting the dynamic of the glass transition. But the most interesting feature is that the glass transition temperature T g is enhanced at the first matching field. Thus, when going from H = 60 Oe to H = 82 Oe, T g increases from T g = 8.139 K to T g = 8.147 K, contrary to what should happen in the absence of periodic pinning. This signature of the matching is different to that found earlier in HTCS with columnar defects, where a change in the slope dT g /dH ͑but not an enhancement of T g ͒ was observed at the first matching field. 23 However, the experimental situation of Ref. 23 is rather different, since the columnar defects are correlated along the vortex line but randomly distributed in-plane. Our experiment shows that the existence of a in-plane periodic distribution of pinning centers moves up the transition from the liquid into the glass state. In other words, the presence of periodic pinning enhances glass correlation lengths. This commensurability effect, additional to the enhancement of vortex pinning in the glass phase, makes possible that even the linear ͑ohmic͒ magnetoresistance ͑at high temperature and low injected currents͒ shows up the signature of the matching, i.e., minima at fields H = nH m .
The experimental results shown so far evidence that vortex matter undergoes a second order glass transition separating a liquid phase from a glass phase at lower temperatures, both in plain and nanostructured Nb thin films. This rules out the possibility of the low temperature phase being a true Bragg-glass, 13 for which a first order ͑instead of second order͒ transition into a liquid would be expected. 6 A true Bragg-glass is indeed not likely in Nb plain films, because of the strong random pinning. On the contrary, for the sample with periodic ͑ordered͒ pinning centers, one might foresee a long-range or quasi-long-range topologically ordered vortex phase, provided the observable commensurability effects. However, the scaling results found here suggest that the coexisting random pinning frustrates the long-range topological order of the vortex-lattice, yielding instead a glass phase. The resulting picture could be that, at the matching fields, geometrical coincidence between the vortex-lattice and the periodic array of pinning centers takes place in regions ͑do-mains͒ of finite size. The vortex-lattice would be ordered matching the symmetry of the periodic potential within such domains, say within a length scale t . But such ordering would be lost beyond the boundaries of the domains, because some vortices eventually accommodate in ͑or are attracted to͒ disordered intrinsic pinning sites that are stronger than the artificial ones. In this way long-range order is frustrated and glassy properties result of a short-range Bragg-glass with topological order decaying over the length scale t , as recently suggested by Giamarchi and Le Doussal. 13 The stronger is periodic pinning as compared to random, the more pronounced commensurability effects and the larger t , and vice versa.
The dynamical evolution of the pinning enhancement ⌬F L ͑v͒ at the matching field can be explained within this picture. In Fig. 1͑b͒ , the curves at higher temperature ͑t A ͒ are measured above the glass transition temperature. For that temperature ⌬F L ͑v͒ is small, especially at low vortex velocities ͓see the insert of Fig 1͑b͔͒. Low velocities are achieved at low current levels, i.e., in the ohmic regime of the I-V characteristics, where the response of the vortex-liquid is being probed. As the vortices velocity is increased, ⌬F L ͑v͒ increases monotonically. This is because the higher current level needed to drive vortices at higher velocities corresponds to the nonlinear regime of the I-V curves, in which pinning is being probed. On the other hand the curve corresponding to the temperature t B ͑below the glass transition temperature T g ͒ shows a different behavior ͓see the insert of Fig 1͑b͔͒. ⌬F L ͑v͒ is larger at all velocities, and shows a peak around v ϳ 100 m / s. It has been theoretically shown 12 that the disturbing effect of the pinning forces on the vortexlattice vanishes as velocity increases. The behavior of ⌬F L ͑v͒ can be explained 18 considering the two different kinds of pinning coexisting in our system, random ͑native͒ and periodic. At low vortex velocities, below the maximum of ⌬F L ͑v͒, random pinning is gradually overcome as velocity is increased and therefore periodic pinning becomes dominant. In this regime commensurability effects get more pronounced ͓⌬F L ͑v͒ increases͔, which indicates an increase of the order characteristic length t . This trend holds up to a given velocity, above which the effect of periodic pinning starts being overcome. Thus, from the point at which ⌬F L ͑v͒ reaches its maximum value, further increase of velocity leads to a reduction of commensurability effects ͓⌬F L ͑v͒ decreases͔. It is expected that at higher vortex velocities, once the effects of all pinning mechanisms have been washed out, the vortex-lattice recovers its natural order and becomes a moving crystal. 12, 19 We show several more ⌬F L ͑v͒ curves for temperatures T Ͻ T g in Fig. 4 . All of them display similar shape, with a maximum around v ϳ 50-100 m / s. Curves shift to the left ͑lower velocities͒ as temperature is decreased. This behavior is consistent ͑see above͒ with the distortions induced by the pinning potential vanishing as the vortex-lattice velocity increases. In particular, the temperature dependence suggests that the effect of disorder can be understood in terms of an effective shaking temperature T sh that decreases with vortex velocity, T sh ϰ 1/v. 12 If one assumes that all pinning mechanisms are overcome at an effective energy scale described by an effective temperature T ef f =T+T sh , the shifting of ⌬F L ͑v͒ to lower velocities should be described by v ϰ 1/͑T ef f −T͒. This is roughly the temperature dependence observed, as shown in the inset of Fig. 4 . We have plotted the velocity at which ⌬F L ͑v͒ has decreased 40 % from its maximum value, 24 v 40% , as a function of temperature T. The dashed line is the best fit to the thermal expected dependence v ϰ 1/͑T ef f − T͒, which yielded T ef f = 8.14± 0.02 K.
In summary, using a scaling analysis of I-V characteristics, we have found that Nb thin films with periodic arrays of magnetic pinning centers show a continuous glass transition, similar to that observed in plain Nb films. In nanostructured samples, the random and periodic pinning mechanism coexisting compete and yield a glass phase which does not present long-range topological order. Two remarkable commensurability effects are present in the transport properties. ͑i͒ In the critical region above the glass phase, glass correlation lengths are enhanced at the matching fields, yielding a higher glass transition temperature T g . Because of this, reduced dissipation at the matching fields can be observed even in the ohmic regime. ͑ii͒ In the glass phase, vortex pinning is enhanced at the matching fields. This pinning enhancement depends on vortex velocity, as the relative intensity of random versus periodic pinning is dynamically tuned. 
